[1] Calculations of the Doppler shift of the frequency (DSF) of a UHF signal under given models of a wave disturbance (WD), undisturbed medium, and particular orbits of low-orbiting (LO) satellites showed that there is an angle-of-approach effect. On the basis of the angle-of-approach effect a method of estimation of model parameters of medium-scale WD on the basis of measurements of DSF of signals from LO satellites in one observation point is developed. A trend in DSF variations is detected in the initial time series. Using this trend, the global model of the undisturbed ionosphere is corrected. For the parameters estimation, calculated trajectory parameters of the satellite and recordings of DSF variations are used. The numerical experiment carried out demonstrates the efficiency of the method developed. The method was tested at a series of DSF registrations received from LO satellites of the Tsykada type in [2002][2003][2004]. The analysis of DSF registrations showed that at high zenith angles for the orbits close to the central ones, WD disturbances with a vertical component are often observed. In such cases, the vertical wavelength can reach 140 km. For horizontal WD, the estimates of the wavelength give values >100 km. The range of variations of the maximum relative disturbance of the electron concentration is 1-7%. INDEX
Introduction
[2] The dynamics of the terrestrial atmosphere in a significant way is determined by the acoustic-gravity waves (AGW) propagating in it [Gossard and Hook, 1975; Grigor'yev, 1999; Hocke and Schlegel, 1996] . Currently, the principal characteristics of AGW are well studied. It is found that there are various sources of AGW in the atmosphere: earthquakes, volcano eruptions, hurricanes, solar eclipses, solar terminator, jet streams, polar and equatorial current systems, meteors, powerful explosions, rocket launches, etc. In spite of the achieved success in studies of AGW, the in-terest to the problem still exists. In particular, the traditional methods of observations for the atmospheric state are being improved. The influence of AGW on the propagation in the atmosphere of electromagnetic waves of the HF and UHF ranges (variations of the amplitude and phase of the signal, arrival angles, and Doppler shift of the frequency (DSF) of the signal) is established reliably. Observations of the ionized component of the atmosphere make it possible to draw definite conclusions on the neutral component. The most complete data are obtained for the traveling ionospheric disturbances having wave-like character and capable to propagate to large distances [Chernobrovkina, 1970; Gershman, 1974] . We note among them medium-scale irregularities with the wavelengths from tens to hundreds kilometers. Irregularities of this type have periods τ ≈ 10 − 30 min and horizontal velocities V ≈ 100 − 250 m s −1 . The prevailing direction of the propagation is the meridional direction; however, eastern-western components of the velocity are also often registered. The value of the deviations ∆N of the electron concentration from the equilibrium state N0 oscillates in wave disturbance (WD) within wide limits (δN = ∆N/N0 ≈ 10 −3 − 10 −1 ). Commonly accepted is the point of view according to which WD are related to propagation in the ionosphere of internal gravity waves (IGW). This paper is a development of the paper by Pushin et al. [2002] . The goal of the paper is to estimate the values of the model parameters of WD on the basis of measurements of the Doppler shift of the frequency fD of the signal of a low-orbiting satellite in one observational point. In the general case at limited observational means, the problem of determination of the disturbance parameters is incorrect. So various ways of reducing the number of unknown parameters are used.
Principal Equations
[3] Since the time of WD observations during one flight of a satellite is much less than the time period of the wave, one can neglect the medium dependence on time; that is, one can use time as a parameter. We write the spatial-time distribution of the electron concentration in the form
where r is the radius-vector of the point in the space, t is time, q and p are vectors of the governing (input) parameters of the model. Vectors q and p describe the regular medium and the disturbance, respectively. On the basis of physical considerations, we present (1) in the multiplicative form
where N0 is the electron concentration in the regular ionosphere andφ is the disturbing function. Then
In the majority of modern global models, the vector of parameters q have one [Chiu, 1975] or, in the extreme case, two [Köhnlein, 1978] components. One of the parameters is solar activity index, and the other one is the index of magnetic activity. Vector p, as a rule, has many more components. If the characteristic dimensions of a regular irregularity are much larger that the characteristic dimensions of the disturbance, one can separate the task of determination of the vectors of input parameters q and p. In this case DSF may be presented in the form of the sum of the regularfD(t) and fluctuationfD(t) components
Then the equation for input parameters will be written in the form fD =L{N (l(t)s; q, p)} whereL is the linear operator. In the scope of geometric optics in the first approximation of the small disturbance method, the operator is written as [Kravtsov et al., 1983 ]:
where RC is the distance from the observation point to the satellite, l is the unit vector in the direction from the observation point to the satellite, f is the frequency of the emitted radio wave, c is the velocity of light in vacuum, k is a constant coefficient, and s is the arc length. Taking into account (2)-(4), one can write the equation for the input parameters in the formf
fD =L{N0(ls; q)ϕ(ls; p}
The solution of equation (6) for unknown vector q was performed by Pushin et al. [1995] for the one-parameter model by Ching-Chiu [Chiu, 1975] by the least squares method and minimization of the disagreement of equation (7). For a two-parameter model, equation (6) will be written in the formf
The region of specification of function F is (8) is expressed via integral-differential operator applied to the fluctuation having cumbersome form. Therefore, it is reasonable to calculate function F in the mesh points of the orthogonal net (q1i, q2j) in the region D and to interpolate it. We find the solution of equation (8) for each elementary cell by the least squares method. To obtain linear equations relative to the coordinates of the point of minimum, the triangle interpolation is applied [Kalitkin, 1978] . In this case, the surface
where Fi = F (ti; q1, q2) is approximated by plane triangles. The minimum is determined by minimization of the discrepancy squared for equation (8) for each cell. The values of the minimizing parameters q1, and q2 in the region D are determined on the basis of the minimum for all cells. Thus, only the vector p is an unknown in (7). In the same way as it has been done by Pushin et al. [2002] , we will use the model of the disturbance in the form of quasi-plane irregular harmonic wave:
where the function Φ(h) determines the distribution of the relative disturbance δN as a function of height h over the Earth surface, δ = (δN )max is the relative amplitude, k is the wave vector slightly changing at distances of the order of the wavelength of WD, r0 is the radius vector of the reference point for the phase, and ψ0 is the initial phase. Unlike in the Pushin et al. [2002] model of WD, here we will assume that the physical coordinates of the vector k = ∇ψ are constants:
where Λv and Λ h are the vertical and horizontal wavelength, respectively, and Θ is the azimuth of the wave vector. It follows from Gershman [1974] and Hocke and Schlegel [1996] that the function of the profile of the relative disturbance of the electron concentration Φ(h) ∼ exp(h/2Ha) at heights below hm and Φ(h) ∼ exp(−h/2Ha) at h > hm, where Ha is the scale height of the neutral atmosphere and hm = 220 km.
In the height region providing the main input into variations of DSF, Ha may be presented by a linear function
where h0 = 100 km, H0 = 5 km, and µ = 0.3. The unknown parameters of WD are δ, k, and ψ0. Differentiating (5) as an integral depending on the parameter t, we obtain the operatorL in the form [Kravtsov et al., 1983 ]:
where (s/RC)V ⊥ is the velocity of a point on the ray and V ⊥ is the component of the satellite velocity perpendicular to the ray. We write the variation component of DSF in the formf
where |∆N | = δN0Φ. One can calculate the integral I k numerically. Pushin et al. [2002] showed that the variations in the DSF signal from the satellite are determined mainly by two values: (1) the angle φ between the wave vector of WD and radio ray and (2) the scalar product (V ⊥ , k) of the satellite velocity component perpendicular to the radio ray and wave vector of WD.
[4] The DSF dependence on φ is caused by the fact that the effect is an integral one. At k ⊥ l, the radio ray propagates along the wavefront of WD. If in that case the value (V ⊥ , k) is not small, maximum variations of DSF are observed. We will call this effect an angle-of-approach effect. The angle-of-approach effect is in some sense a filter for WD.
[5] Two main coordinate systems are used in solution of the problem: (1) the geographic rectangular Cartesian system with the point of reference in the center of the Earth (x,ȳ,z) and the related to it spherical system (r, θ, λ), where r is the distance to the point, θ = 90
• − ϕ, and ϕ and λ are geographic latitude and longitude of the point, respectively, and (2) the Cartesian coordinate system (x, y, z) with the point of reference in the observational point A (a, ϕ0, λ0), coinciding with the local basis of the system (r, θ, λ) so that the unit vectors along the coordinate axes are i = −e θ , j = −e λ , k = er, where a is the Earth radius, and related to it radiotechnical spherical coordinate system (R, γ, ε ), where R is the distance from the point A, γ is the zenith angle, ε = 360
• − ε is the coazimuth, and ε is the astronomical azimuth.
[6] Parameters of the satellite motion and the atmospheric model are given in geographical coordinates, whereas the radio ray characteristics are given in the radiotechnical system. Moreover, we introduce a moving coordinate system (x , y , z ) coinciding with the local basis of the system (R, γ, ε ) in the point C of crossing by the radio ray of the sphere with a radius rm = a +h m . Herehm is the height of the maximum of the absolute disturbance of the electron concentration |∆N | at the radio ray at the moment of the angle-of-approach position of the satellite (APS), and hm <hm < hmF 2, where hmF 2 is the height of the F 2-layer maximum for the under-ionosphere point at the APS moment. Thus, the z is directed along the radio ray, and the unit vectors along the coordinate axes are i = −e ε j = eγ. We also introduce the coordinate system (x , y , z ), which is obtained by the right-hand side rotation of the system (x , y , z ) around the x axis to the angle γC between the radio ray and the local vertical in point C. The z axis coincides with the local vertical, and the plane x y is a horizontal one. The matrix of the turn around the axis x has the form
where sin γC = a sin γ/rm. We present the vector k in the form k = km, where m is the unit vector. Then where m , m is the vector m in coordinates (x , y , z ) and (x , y , z ), respectively. All vectors located in the x y plane will satisfy the k ⊥ l condition. We decompose the vector k to a vertical and horizontal components:
Both the theory and experiment show that the vertical component of the phase velocity of WD is directed downward [Gershman, 1974] , i.e., k z < 0. In that case, the end of the vector m moves along a semi-circle in the x y plane. We introduce the ratio b = |kv/k h |. Then we obtain
Under the given γ, the maximum value which b can have is bmax = tan γC, and, therefore, b ∈ [0, bmax]. Under the given γ and b, the condition k ⊥ l is fulfilled for two positions of the vector k symmetric relative to the x z plane
We designate as ϑ the angle between the k h vector and y axis. Then at the given b and bmax we have
The simple relations obtained make it possible to draw some preliminary conclusions on the mechanism of DSF formation.
Since the angle-of-approach effect takes place for all k ⊥ l (if (V ⊥ , k) is not small), the problem of determination of the wave structure orientation is an ambiguous one. One has to give the value of the b parameter. In this case at b ≈ 0 (horizontal WD) or b ≈ bmax the direction of WD is determined unambiguously (with the accuracy up to π), whereas for 0 < b < bmax, there are two positions of the irregularity. The larger b, the higher the zenith angle under which the angle-of-approach effect is observed and the more significant role is played by the Vγ component of the satellite velocity. We assume that the direction of the vector k (with the accuracy to the sign) is known. We determine the spatial wavelength as a projection of the shift of the point C during the time equal to the period at the fD(t) registration in the vicinity of APS onto the direction of the k vector. We determine the direction of the wave structure at the given γr, εr and b. We give the WD orientation using the azimuth Θ and formula
where (εr)C is the local azimuth of the satellite at the point C. For small zenith angles, (εr)C ≈ εr, where εr is the azimuth of the satellite at the observation point at the APS moment. The relations obtained above are used in the method of estimation of model parameters of WD.
Processing Method
[7] For data processing the registration of the ionospheric component of the DSF was used. This component was singled out from the coherent signals of the low-orbiting satellites of the Tsykada type. The orbits of such satellites are almost circular and polar with the height over the Earth surface of ≈ 1000 km. Geocentric Cartesian coordinates and the satellite velocity were determined by numerical solution of the system of equations of motion with the initial conditions transmitted from the satellite each 3 min by the telemetric channel. Note that the coherent frequencies were 150 and 400 MHz. The measurements were carried out at the radiophysical observatory of the Kharkov National University with the help of receivers of the ADK type. The geographic coordinates of the observation point were 49.6
• N, 36.3
• E. The time series consisted of the sequence of the DSF meanings with 2 s intervals between them. The duration of the realization did not exceed 16 min. The minimum zenith angle γmin is the crucial trajectory parameter of the satellite flight. It was stated above that the value of DSF, as a rule, depends on (V ⊥ , k), where V ⊥ = Vγ + Vε. We split all possible flights to three groups: (1) the flights close to the central one with 0
• ≤ γmin ≤ 20 • ; (2) the median flights at 20
• ≤ γmin ≤ 70 • ; and (3) "slant" flights for which γmin ≥ 70
• . [8] For the first group of flights, an excess of Vγ over Vε by several times at the major part of the flight is typical. The sector of satellite observation angles is narrow. Figure 1a shows the time variations in Vγ and Vε. For the flights of Group 2, the Vγ ∼ Vε condition and a wide sector of observations are typical. For the flights of Group 3, a considerable excess of Vε over Vγ in the vicinity of the "parameter point" (the point of the satellite trajectory for which γ = γmin) is typical. Figure 1d shows the time dependencies of Vγ and Vε for the flight with γmin = 72
• . One can see in Figure 1d that Vε changes slightly during the entire flight.
[9] Using a digital nonrecursive low-frequency finite impulse response (FIR) filter, we reveal the regular trend {fDi} and variations of DSF {fDi} out of the experimental time series fDi = fD(ti), I = 1, . . . , n. For measurements the FIR filter suggested by Potter [Otnes and Enochson, 1978] was used. The frequency band of this filter was 50 Hz, and the cutoff frequency was 5 × 10 −3 Hz. First, unreal values are withdrawn from the initial time series and the series is smoothed (rapid fluctuations are withdrawn). Using the DSF trend and solving equation (6), we determine the governing parameter W (the effective sunspot number) of the Ching-Chiu model. Solving of the direct problem makes it possible to detect characteristic features of the fD(t) behavior as a function of the satellite flight, of the regular ionosphere state, and also of the WD model and values of its parameters. Figure 2 shows the calculated variations in fD(t) for the satellite flight with γmin ≈ 0 at various orienta- (Figure 2c ). The other parameters of the WD are δ = 2% and Λ h = 100 km. The time is shown in MST (Moscow Standard Time). A well-pronounced angle-of-approach effect takes place for the former two cases. The effect is almost absent at Θ = 90
• . Similar dependencies take place for the other flights. Thus, one can assume that it is impossible to observe widely oriented WD using the measurements of fD(t) of satellite signals of the type considered. At the presence of the vertical component of the wave motion for b > 2, the horizontal component of the wave vector perpendicular to the radio ray influences weakly on DSF. Figure 3 shows the results of the calculation of fD(t) for the flights with γmin ≈ 0
• , 30
• , and 50
• at γr ≈ 70 • (Figure 3a) , 80
• (Figure 3b ), and 90
• (Figure 3c ). The WD parameters are the following: δ = 2% and Λv = 70 km. For the flights on 23 July 2002 and 15 July 2003, the height of the disturbance maximum ishm = 220 km, whereas for the flight on 16 July 2002, hm = 290 km. The calculations showed that in the vicinity of the APS moment the approximation fD(t) ≈ I k (t) is fulfilled.
[10] Solving the inverse problem for WD, one has, in the first turn, to find the direction of the vector k. In the general case, this problem belongs to the integral geometry and is unsolvable in the scope of this experiment. We will estimate the APS moment using the maximum of the envelope of DSF variations. At the APS moment, the total wave vector of WD lies in the plane perpendicular to the radio ray. It follows from the experiments that horizontal WD (b = 0) are often observed. Then the WD orientation is determined by the azimuth Θ1,2 = (εr)C ± 90
• We will take that the WD wavelength influences the distance between the zeros and that the initial phase ψ0 shifts the zeros of the DSF variations. Varying Λ h and ψ0, we reach a coincidence in the positions of the main maximum and zeros of the calculated and experimental DSF variations in the vicinity of the APS moment. Assuming that in the vicinity of APS the amplitude of WD influences only the DSF variations amplitude, we estimate the value of the δ parameter. Sorting out the δ values, we put the amplitude of the DSF variations to the level of its experimental value. For the central flight, the angle-of-approach effect takes place for the position of the satellite "on the parameter" (the satellite zenith angle is minimum) independently of the WD orientation. In this case the problem of Θ and Λ determination becomes ambiguous. One can determine only the disturbance period along the satellite motion direction. If WD is oriented along the latitude, then APS takes place during the entire flight and the angle-of-approach effect is not pronounced.
[11] The presence of the vertical component of WD makes the problem much more complicated even if the APS moment is found. Numerous experiments show that at the simultaneous observation of the horizontal and vertical motion of WD, kv > k h (and even kv k h ) [Gershman, 1974] . If one takes b > 2 and takes into account thathm > hm, one can observe the angle-of-approach effect for the zenith angles exceeding 70
• , i.e., at the ends of the fD(t) registrations. The maximum value of b at which one can observe the angle-of-approach effect is b ≈ 4. We decompose the horizontal component of the WD wave vector to orthogonal
, is the component perpendicular to the plane of the great circle arc containing the radio ray. We have kγ = kv + k h at the APS moment. It follows from the solution of the direct problem that for b > 2 the horizontal component of the wave vector perpendicular to the radio ray weakly influence DSF. In this case one is able to estimate the WD parameters Λv and δ. Varying Λv and ψ0 taking into account the condition Λ h /Λv = tan(γr)C, we reach a coincidence of the experimental and calculated variations in DSF in the same way as it has been done for the horizontal WD. The value of δ is also found in the similar way.
[12] For testing the method in the scope of the used model, we performed a numerical simulation. The results of the numerical simulation show the efficiency of the method for the horizontal WD and for the waves with b > 2. In the general case, the problem has no unambiguous solution. Figure 5a shows the experimental and recovered variations of DSF for the satellite flight with γmin = 51
Results of Estimation of WD Parameters
• . Figure 5 shows solution of the inverse problem for a weak horizontal WD observed during the flight. In this casehm = 280 km, (εr)C = 84
• , and γr = 51
• . The estimation of the WD parameters gives the following values: δ = 1%, Λ h = 170 km, and Θ = 174
• . In this case a horizontal WD oriented along the meridian is observed. Figure 5b shows the DSF variations for a strong horizontal WD. For this flight γmin = 45
• , (εr)C = 152
• , and hm = 220 km. The estimation of the WD parameters gives δ = 7%, Λ h = 120 km, and Θ = 62
• . • . Figure 5c shows the DSF variations for the satellite flight with γmin = 10
• . Since the DSF amplitude is permanently decreasing, we assume that APS takes place in the vicinity of the beginning of the registration. For this time interval, Vγ is considerably higher than Vε. The estimation of the disturbance maximum height gives a value ofhm = 220 km. In the case the assumption that WD is horizontal leads to no positive result. One should introduce a wave process directed vertically. Applying the method presented above we 
Discussion
[14] The method is developed of evaluation of parameters on medium-scale WD in the form of spatial harmonics in the conditions of limited means of observations of signals of a low-orbiting satellite, in particular, measurements of DSF in one observational point. Now we discuss some limitations of this method. First, there should be pronounced angle-ofapproach effect on the fD(t) registration. The accuracy of the determination of the APS moment on the registration is limited by the fact that the disturbance has the form of a train consisting of several periods. The inverse problem is solved in the following cases:
[15] 1. The plane in which the wave vector of the disturbance is known from physical considerations. For example, it may be a horizontal plane, the plane of the magnetic meridian, or the plane perpendicular to the geomagnetic field. In the latter case, k (l × h), where l is the unit vector in the direction to the satellite at the APS moment and h is the unit vector of the geomagnetic field at the radio path in the region of the disturbance.
[16] 2. At the APS moment the scalar product (k, Vγ) exceeds considerably (k, Vε) or vice versa.
[17] Estimating WD parameters we assumed that the wave shifts insignificantly during the time of observation. The estimated wavelength is increased due to the motion if the angle between the direction of WD motion and transverse velocity of the satellite is acute and vice versa.
[18] For the testing of the method, about 30 DSF registrations for 2002-2004 were chosen. The analysis showed that wave-like frequency deviations for the flights close to the central flight are often observed at the end of the registrations. This fact indicates to the presence of a wave process in the vertical direction. The estimates show that the vertical wavelength reaches 140 km. Horizontal WD almost is not observed at the ends of the registration, because Vε is small in this part of the flight. It is better to observe horizontal WD at middle flights. The estimates of the relative disturbance of the electron concentration in WD do not exceed 7%. It follows from the analysis of the heliogeophysical conditions that the wave perturbations with the vertical component were observed in quiet days.
[19] The agreement between the recovered recording and fD(t) registration is a criterion of the reliability of the estimates obtained. As far as the numerical simulation showed the efficiency of the developed method of estimation of the model parameters of WD, the main result what should be studied and further developed is the model of the disturbance. It should be mentioned that the measurements of the DSF signals from low-orbiting satellites make it possible to investigate the vertical component of the wave perturbations. It is interesting to compare the obtained data with the simultaneous measurements by other methods, for example, by HF and UHF radars. The utilization of the worked out procedure for estimates of parameters of the middle-size wave perturbations excited at midlatitudes in the ionosphere under different heliogeophysical conditions can be used to obtain statistical data.
Conclusions
[20] 1. The results of numerical solution of the direct problem showed that, in the scope of the chosen model of WD, an angle-of-approach effect takes place. In the vicinity of the APS moment, the amplitude of the DSF variations is determined by the scalar product of the wave vector of WD and the satellite velocity component perpendicular to the radio ray.
[21] 2. The angle-of-approach effect together with the satellite trajectory data is used to estimate the spatial orientation of WD. In the case when the plane where the WD wave vector lies (for example, the horizontal one) is known a priori, the WD orientation is determined unambiguously at the APS moment.
[22] 3. In the general case, the problem of WD orientation determination is ambiguous. The ability of estimation of WD parameters depends on the type of the flight and on the part of the flight where the disturbance is observed. In the first case, in the majority of satellite flights close to the central flight, the elevation-angle component of the satellite velocity is much larger than the azimuth component. So one can estimate the vertical wavelength and maximum relative disturbance of the electron concentration for these flights. For horizontal WD, the APS moment is near the "parameter point" of the satellite. In this case only estimation of the relative disturbance maximum is possible. In the second case, the mean and "slant" flights of satellites are used for estimation of parameters of horizontal WD. One can use the mean flights also for estimation of the vertical wavelength if the WD is observed at the ends of registrations.
[23] 4. The following estimates of the WD parameters are obtained: First, WD with a vertical component is often observed at the satellite zenith angles at the APS moment exceeding 70
• . It follows from this fact that kv/k h > 2. The estimates of the wavelength reach 140 km. Second, the estimates of the horizontal wavelength of WD give values more than 100 km. Third, the maximum relative disturbances of the electron concentration vary within the interval 1-7%.
